Abstract--The intercalation of formamide, potassium acetate, and hydrazine by halloysite and/or kaolinite-rich samples, with and without subsequent displacement of the interlayer species by water or glycerol/water, has been investigated. Halloysite, as such, or in mixtures with kaolinite is completely expanded by all the treatments used, thereby enabling halloysite concentrations to be determined from the basal X-ray powder diffraction (XRD) peak ratios of the appropriate complexes. The values so obtained are usually proportional to the abundance of tubes, laths, and spberules in the transmission electron micrographs of the samples. The analysis of kaolin samples (halloysite plus kaolinite) by intercalation methods is less straight forward because a proportion of the kaolinite component in the system may not expand, even after lengthy (-> 18 days) contact of the sample with the intercalating agent. Only prolonged immersion in hydrazine produces complete or nearly complete expansion of this component. When allowance is made for the presence of non-clay mineral components, kaolin-mineral percentages estimated from XRD peak intensity ratios of the hydrazine complexes generally agree with values derived from differential thermal analysis to within + 10%. Kaolinite in mixtures with halloysite cannot be directly determined by intercalation procedures inasmuch as treatments which result in complex formation with kaolinite also expand halloysite. In such systems, kaolinite can be estimated by difference between the concentration of kaolin minerals and haUoysite.
INTRODUCTION
The ability of halloysite and kaolinite to intercalate certain salts and organic compounds has been well documented (Theng, 1974; MacEwan and Wilson, 1980) . Besides showing characteristic basal spacings, the interlayer complexes so formed have varying stabilities towards specific solvents, thereby providing a means of distinguishing halloysite from kaolinite in mixed systems. Intercalation methods also have the advantage over other techniques in that they may be applied to whole samples, thus obviating the need for elaborate sample fractionation and pretreatment. This is an important consideration in the routine analysis and classification of materials rich in 1:1 layer silicates, exemplified by many New Zealand soils.
Two methods that have been widely used involve treating the mineral mixtures sequentially with (1) potassium acetate and then water (Wada, 1961) , or (2) hydrazine, then water, and then glycerol (Range et al., 1969) . In either method, washing the intercalation complex with the last solvent in the sequence (i.e., water or glycerol) causes the initially expanded kaolinite crystal to collapse to its original basal spacing (~ 7 ,~), whereas haUoysite remains expanded at a spacing characteristic of the washed complex (10-11 /~).
Although these procedures and their variants (Miller and Keller, 1963; Borovec, 1975 ; Wilson and Tait, Copyright 9 1984, The Clay Minerals Society 1977) have generally given qualitatively sensible resuits, difficulties arise in their application for quantitative or even semi-quantitative analysis (see e.g., Hewitt and Churchman, 1982) . On the one hand, kaolinite complexes with potassium acetate tend to show residual interlayer expansion when the salt is leached out with water (Wiewiora and Brindley, 1969) . On the other hand, complexes ofhalloysite and kaolinite with hydrazine are inherently unstable due to volatilization of the organic liquid from the interlayer space (Theng, 1974) . In addition, complex formation normally requires prolonged contact of the sample with the intercalating agent. Even then, potassium acetate (from solution) may not be completely intercalated by the kaolinite component in the mixture. This limitation may largely be overcome by grinding the sample with the solid salt, but this mode of preparation is not recommended because it is liable to disrupt the silicate structure (Wada, 1961) . Still, hydrazine is apparently capable of effecting nearly complete expansion of kaolinite, with the possible exception of the 'fire-clay' types (Range et al., 1969) . Hydrazine, however, suffers from the disadvantage of being highly toxic and flammable.
In studying the interactions ofhalloysite with a series of amides, found that formamide was rapidly and quantitatively intercalated Jackson (1956) . 4 In approximate decreasing order of occurrence--as given in Reference; C = chlorite and interlayered hydrous mica; F = feldspar; G = gibbsite; H = halloysite; K = kaolinite; M = mica-illite; Q = quartz; v = vermiculite and interstratified mica/ vermiculite; S = smectite.
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into halloysites of varying composition, crystallinity, and particle shape. By contrast, kaolinite intercalates forrnamide very slowly and then only incompletely (Weiss et al., 1963; Olejnik et al., 1969) . used this difference in the behavior of kaolinites and halloysites towards formamide to provide a rapid and simple test to distinguish between the two mineral types. It is against this background that the formamide intercalation method has been compared with those involving potassium acetate and hydrazine. This paper contrasts the application of these procedures for the semi-quantitative estimation of halloysite and kaolinite in unprocessed and fractionated clay samples.
EXPERIMENTAL Materials
Forty-two samples, each containing appreciable amounts (>40%) ofhalloysite, kaolinite, or both, were examined. Ten were of geologic origin, i.e., sedimentary clay deposits and weathered rock materials, 18 were from soil, and 14 were ceramic and industrial clays ( Table 1) . Both unprocessed ('raw') materials and separated < 2-#m fractions obtained by sedimentation after removal of organic matter and the oxides/hydroxides of iron and aluminum (Jackson, 1956) were examined.
Formamide (BDH, Laboratory Reagent), glycerol (BDH, Analar), hydrazine monohydrate (J. T. Baker, TM grade), and potassium acetate (Hopkins & Williams, General Purpose Reagent) were used as received.
Methods
X-ray powder diffraction (XRD) was the principal method used for characterizing the samples and their respective complexes. The sample was spread or sedimented on porous ceramic tiles and its XRD pattern obtained using a Philips PWI010 diffractometer with CoK_a radiation and a scan rate of 2~ The nine treatments to which each sample was subjected are detailed in Table 2 . The resultant complexes with formamide, hydrazine, and potassium acetate, before and after washing with water or glycerol, were 'immediately' examined by XRD, i.e., as soon as the excess liquid had drained away but always within 60 min after placement of the liquid on the tile.
The degree of complex formation (intercalation) was assessed from the ratio of the intensity of the appropriate basal reflections. For example, for complexes with formamide or hydrazine, which show a basal spacing close to 10 A, the degree of intercalation is given by the ratio a = I10/(I7 d-11o) where I7 and 110 denote the intensity of the peaks near 7 and 10 ~k, respectively. On the other hand, with potassium acetate, both halloysite and kaolinite expand to a basal spacing of ~ 14 ]k; hence, the degree of intercalation is given by the ratio a = 114/(17 q-I10 -b 114 ). The validity of using peak intensities rather than peak areas in deriving a-values was checked by analyzing mixtures of a pure halloysite (Matauri Bay) and a kaolinite ('Dana') (cf. Table 1 ). The mixtures were prepared by grinding the minerals in proportions of 20, 40, 60, and 80% for 15 min using a Spex mixer mill. The mixtures were then sprayed with formamide (treatment 2, Table 2 ) and their expansion characteristics analyzed in terms of both peak intensity and peak area.
In addition to XRD, the samples were characterized by differential thermal analysis (DTA) using a Du Pont 900 instrument with alumina as reference and a heating rate of 10~ (in air), and by transmission electron microscopy (TEM) using a Philips EM200 instrument. DTA allowed the percentage of kaolin minerals, i.e., halloysite plus kaolinite, in each sample to be estimated independently of their intercalating properties. This percentage was determined by measuring either the intensity of, or the area enclosed by, the high-temperature (500-600~ endotherm in the DTA pattern (Tan and Hajek, 1977; Whitton, 1978; Hewitt and Churchman, 1982) . Although kaolin mineral percentages as determined by DTA may be subject to uncertainties associated with such factors as sample crystallinity and pretreatment (Mackenzie, 1970) , our experience suggests that DTA is less strongly affected by such variables than is XRD. Mackenzie (1970) considered that, As for 6, then washed three times with water, centrifuged 8
As for 7, then sprayed with glycerol (10% v/v in water) 9
Formamide, 28 days immersion, unheated sample Peak near 10/~ ascribed to hydrated haUoysite with contribution from illitemica (cf. treatment 3); peak near 7 A indicates kaolinite and/or dehydrated halloysite. Dehydrated halloysite expands to ~ 10 ~ immediately (within 1 hr) after spraying; kaolinite remains unexpanded at ~ 7 A within this time interval. Both halloysite and kaolinite collapse to ~7 ~; any residual line near 10 indicates illite-mica. Time scale sufficient for kaolinite component to reach maximum expansion; both halloysite and kaolinite expand to ~ 14 ~; residual line at ~ 7 ,A, ascribed to unexpanded kaolinite with contribution from second order basal reflection of potassium acetate complex. Halloysite component contracts from ~ 14/~ to ~ 10 ~ while kaolinite component collapses to its original basal spacing near 7 ~.
Time scale sufficient for kaolinite component to attain maximum expansion; both halloysite and kaolinite give interlayer complexes with basal spacing near 10 A.
Kaolinite collapses from ~ 10 to ~ 7/~; peak near 10/k ascribed to halloysite; any 'disordered kaolinite' remains expanded at ~ 10/~2.
Halloysite remains expanded at ~ 10 A; all types of kaolinite contract to -7 A .
Time scale sufficient for kaolinite component to attain maximum expansion; both halloysite and kaolinite expand to ~ 10 A; a residual line at ~7 A indicates some unexpanded kaolinite. Range et al. (1969) used 7 days at a temperature of 65~ z Correspond to types II and III kaolinite of Range et al. (1969) .
for most purposes, quantitative determinations could be made with sufficient accuracy using the kaolin dehydroxylation peak. Similarly, transmission electron microscopy gave an independent approximation of halloysite proportions by assuming that halloysite particles occurred only in the form of tubes, laths, and spherules . The electron micrographs used for this purpose were obtained at a magnification of 25,000. For every sample, 4 to 19 micrographs were examined, each of which had at least 50 particles in the field of view. The abundances of tubes, laths, or spherules were noted.
With a variety of factors besides concentration affecting X R D peak intensities, peak intensity ratios do not necessarily indicate the proportions by weight of each phase present. Nevertheless, these ratios are useful for comparative purposes and are used here to estimate halloysite and kaolin percentages in kaolin-rich samples. Even then, only those minerals whose basal reflections fall within the range shown by the appropriate complexes, were accounted for by the ratios. Species such as chlorite, inteflayered hydrous mica, smectite, and vermiculite were excluded from the peak intensity ratios of formamide and hydrazine complexes. Likewise, non-clay minerals (e.g., quartz), present in appreciable proportions in some of the samples, were also left out of the ratios. On the other hand, kaolin mineral percentages estimated from D T A were expressed in terms of sample weight. For this reason, the D T A values tend to be slightly greater than the corresponding kaolin percentages derived from intercalation complexes, even if the kaolinite component of the mixture was fully expanded.
RESULTS

Estimation o f halloysite
The proportion or concentration of halloysite in the samples may, to a first approximation, be estimated from the ratio a = Ilo/(Iv + Ilo) of the complexes formed following treatments 2, 5, 7, and 8 . As noted in Table 2 , these treatments caused halloysite to expand completely or to maintain its expansion against washing with water or water-glycerol. Kaolinite, on the other hand, either failed to form a complex or collapsed to its original (unexpanded) state on washing. The halloysite proportions so obtained were refined by subtracting the respective peak ratio of the sample after oven-drying (treatment 3) which represented the contribution of mica (and/or illite) to the intensity of the 10-/~ line of the complex. The percentage of halloysite in a given sample was simply obtained by multiplying the corrected ratio by 100. Inasmuch as individual peak ratios were reproducible to _+ 0.1, the uncertainty in clay percentage values was _+ 10%. Figure 1 shows a plot of the percentage halloysite in synthetic mixtures with kaolinite vs. the peak ratio of the respective complex after expansion with formamide (treatment 2). Each ratio obtained on the basis of either peak intensity or peak area (Churchman, 1980) corresponds closely to the respective percentage halloysite in the mixture. Although this observation may be specific to this pair of kaolin minerals, the results indicate the general equivalence of intensity and area for estimating halloysite percentages. For routine analyses, however, the use of peak intensity is preferable to the more elaborate method of measuring peak areas.
Halloysite percentages (X) for all 42 samples, as derived from the peak intensity ratios of complexes obtained by treatment 2, were correlated with percentages derived from treatments 5, 7, and 8 (Table 3) . The correlations were all highly significant (r > .85), with the correlation between X2 and X5 being nearly 1:1. The equations relating X2 to X7 and X2 to X8 indicate that formamide intercalation complexes (treatment 2) gave peak ratios that underestimated halloysite percentages as compared with treatments involving hydrazine (7 and 8). Table 4 shows the frequencies of occurrence of halloysite in electron micrographs vs. the corresponding percentages of this mineral determined by formamide Table 2 . z Values of X are based on the clay mineral content of the samples; subscripts 2, 5, 7, and 8 refer to the respective treatments as detailed in Table 2 .
3 Level of significance P < .001.
intercalation (X2). For comparative purposes, the values of X2 are arranged into three classes of similar frequency, i.e., 0-10%, 20-50%, and 60-100%. In view of its selective and unrepresentative nature, TEM yields only broad estimates of concentration. This attribute is confirmed by the general increase in the abundance of tubes, laths, and spherules as the percentage of halloysite in the samples increased. The relationship between these two values was more evident at low than at high halloysite percentages. Thus, for samples containing 0-10% halloysite, 122 of 137 micrographs showed < 10% recognizable halloysite forms, whereas for samples with 60% < X2 < 100%, only half of the micrographs examined showed halloysite forms in the corresponding frequency class. Another 24% of micrographs gave little evidence of halloysite although from the formamide intercalation method they were apparently rich in halloysite. These micrographs were of the two Vaturu dam site samples from Fiji (PC1108 ,  Table 1 ), containing aggregates of spheroidal particles. Because of their blocky appearance, individual spherules of halloysite were difficult to identify as such, illustrating the problem of relying on TEM alone to indicate the occurrence or absence of halloysite in a given sample. Table 5 shows kaolin-mineral percentages derived from peak intensity ratios of samples selected from Table 4 . Relationship between halloysite percentages, estimated using rapid formamide treatment, and the occurrence of distinctive halloysite forms ~ in transmission electron micrographs. 20  60  40  40  0  60  40  20  50  30  40  10  40  30  20  40  20  40  0  40  40  20  70  40  70  0  70  70 Estimated from rapid formamide treatment. 2 Difference between kaolin percentage from hydrazine and halloysite percentage. 3 Difference between kaolin percentage from DTA and halloysite percentage. 4 Values in parentheses obtained after correcting for the quartz content. each group in Table 1 after long-term treatment with potassium acetate solution (4), hydrazine (6), and formamide (9) ( Table 2 ). The XRD data for the pure kaolinites suggest that only prolonged immersion in hydrazine gave complete or nearly complete expansion of the kaolinite component in the samples. On the other hand, potassium acetate apparently failed to expand kaolinite completely. The incomplete reaction with potassium acetate and the coincidence of the second-order line of the complex with the basal reflection of unexpanded kaolinite led to an underestimate of kaolin-mineral proportions. Likewise, formamide (treatment 9) did not completely intercalate the kaolinites, and, hence, the peak ratio of the complexes did not adequately reflect the concentration of kaolin minerals in a given sample.
Estimation of kaolin minerals
Clays and Clay Minerals
The kaolin-mineral percentages derived from treatment 6 agree with those measured by DTA. Only for samples 62/1, 62/2, and 62/39 were the two sets of values markedly different. These are ceramic bodies which contain substantial amounts of quartz (~30% w/w) and some feldspar (<5% w/w), both of which do not contribute to the appropriate basal peak ratios of the hydrazine complexes. When the respective amounts of these constituents were allowed for, however, good agreement was obtained between the DTA and the hydrazine intercalation values. Table 5 also lists the halloysite percentages in the samples as derived from formamide intercalation (treatment 2). Values of similar magnitude (not shown) were given by treatments 5, 7, and 8 (cf. Table 3 ). The corresponding percentages of kaolinite were obtained by subtracting these values from the respective percentages of kaolin minerals as determined by either DTA or long-term immersion in hydrazine. As might be expected, both methods yielded comparable values for kaolinite, the quartz-rich samples being the exception for reasons stated above.
Estimation of kaolinite
DISCUSSION
Inasmuch as halloysite expanded completely or maintained its expanded state on treatment with formamide, potassium acetate followed by water, and hydrazine followed by water or water-glycerol, any one of these intercalation methods is capable of yielding acceptable estimates ofhalloysite in mixtures with kaolinite. This observation applies even to unprocessed ceramic and industrial materials, thus obviating the need for elaborate and time-consuming procedures of sample pretreatment often required for quantitative analysis (e.g., A1-Khalissi and Worrall, 1982) .
The formamide and potassium acetate methods, however, tended to underestimate halloysite concentrations as compared with treatments involving hydrazine (Table 3) . A possible explanation is that some of the samples contain disordered types of kaolinite. As Range et aL (1969) reported, such minerals, together with halloysite, should have remained expanded when the interlayer hydrazine was displaced by water. If so, the peak near 10 ,~ in the water-washed hydrazine complexes would have contained a contribution from disordered kaolinite, leading to an overestimation of halloysite. Range et al. (1969) also noted that the addition of glycerol to water-washed hydrazine complexes led to a collapse of both well-crystallized and disordered kaolinite; however, like halloysite, disordered kaolinite maintained its expanded state when ethylene glycol instead of glycerol was added. This finding is surprising in view of the similar manner by which both polyhydric alcohols intercalate into expanding 2:1 layer silicates (Brindley, 1966; Theng, 1974) . The distinction between halloysite and disordered kaolinite, based on the respective behavior of their waterwashed hydrazine complexes towards ethylene glycol or glycerol, may therefore be too fine to apply to systems in which both mineral species coexist. Certainly, the similarity in slopes of the regression lines relating X2 to X7 and X2 to X8 (Table 3) suggests that water washing of the hydrazine complexes, both with and without subsequent treatment with glycerol, gave essentially identical products.
The concentration of kaolin minerals in the samples may, in principle, also be estimated by intercalation of formamide, potassium acetate, or hydrazine over a long period of time (>--18 days); however, only the hydrazine treatment appeared to give complete expansion of the kaolinite component in the samples. Formamide was generally less effective than hydrazine in this regard, whereas potassium acetate gave but limited interlayer expansion with kaolinite. (There were indications that in some instances complete expansion of the kaolinite component by hydrazine could occur within 6 days.) Plausibly, the size of the complexing agent is important in determining interlayer entry because the observed extent of intercalation, i.e., hydrazinc > formamide > potassium acetate, is also the sequence of increasing molecular weight.
In studying the interactions of amides with halloysites, found that the reactivity of the mineral was influenced by its crystallinity and particle size. Table 5 shows that on every count, the Wairakei kaolinite was significantly less reactive than the 'Dana' sample, whereas by all the criteria used to assess crystallinity , the former is also better crystallized. This result contrasts with the behavior ofhalloysites for which the more-crystalline specimens generally showed a higher reactivity than their less-ordered counterparts.
In addition, some kaolinite-rich samples (Hymod AT, Hymod KC, Hycast VC and Hywite Alum) did not intercalate potassium acetate. This failure could be due to a particle size effect, the average particle thickness of these samples being ~0.02 #m (W. N. E. Meredith, imperial Chemical Industries, U. K., personal communication, 1983) . Similarly, the Butchers Dam sample was significantly more reactive towards both formamide and hydrazine as compared with its <0.5-~tm size fraction. It would therefore appear that interlayer complex formation was more difficult to achieve with smaller particles, in accord with previous observations for pure kaolinite and halloysite (Martin-Vivaldi et al., 1973; . Possibly, the difficulty was due to enhanced interlayer bonding as the amount and extent of crystal growth dislocations diminish with a decrease in particle size (Chekin, 1982) . The XRD patterns over the basal peak region of partially formed complexes indicate that a qualitative difference in intercalation mechanism exists between halloysite and kaolinite. Figure 2 shows the formamide complex with Te Puke halloysite after oven-drying, which inhibits complex formation . This complex gave a spread of reflections between 7.1 and 10.4 /k, corresponding to the basal spacings of the parent clay at one end of this range and the fully formed complex at the other. On the other hand, the complex with Wairakei kaolinite showed two discrete sharp peaks at these spacings. By analogy with partially dehydrated halloysite (Churchman et aL, 1972) , intercalation into halloysite presumably gave rise to interstratification of fully collapsed and expanded layers within a single crystal. The validity of this analogy was confirmed by computer simulation of XRD patterns of partially formed halloysite-formamide complexes (L. P. Aldridge, Chemistry Division, D.S.I.R., New Zealand, personal communication, 1983) . With kaolinite, however, segregation apparently occurred between fully expanded and nonexpanded crystals. This fundamental difference in intercalation mechanism further emphasizes the clear distinction between halloysite and kaolinite (e.g., Chukhrov and Zvyagin, 1966) .
